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ABSTRACT

Ever more advanced materials need to be designed to further the
exploration of avenues of science and engineering. Metals and traditional
composites are not meeting the needs of today’s stringent demands for
lightweight and strong materials. There is a need for advanced materials that
are lighter and stronger to replace conventional materials; carbon fiber
composites became the obvious choice because of their outstanding mechanical
properties. Polyacrylonitrile (PAN) based carbon fiber has reached its apex in
terms of its strength to weight ratio. Carbon nanotubes (CNTs) offer a lightweight
and potentially stronger alternative to PAN based fibers. However, it is difficult to
translate the properties of individual CNTs macroscopically. The next step to
overcome this barrier is to introduce highly aligned CNTs into carbon fiber.
Carbon nanotube modified carbon fibers are imperative for the next step in
achieving lightweight, ultra-strong fibers, to enhance their fuel efficient application
in vehicles.
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CHAPTER ONE :
INTRODUCTION
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Carbon nanotubes have been hailed for their excellent thermal, electrical,
and mechanical properties.1,2 Advances made in fundamental research have
improved the ability to incorporate CNTs into composites.3 Unfortunately, it has
been difficult to translate their mechanical properties into useful materials due to
interfacial sliding, matrix/fiber dispersion, and the introduction of defects.4,5
Even though these carbon nanotubes have exceptional strength and modulus the
difficulties in dispersing the unmodified nanotubes into polymers, as well as
aligning them linearly, makes the progress on their integration into fiber slow.6,7
A technique must be developed to ensure dispersion and/or linear orientation.4
Furthermore, there is the need to prevent the aligned tubes from sliding past one
another due to low inter-tube friction. How do we translate the CNT properties
into carbon fiber? The method proposed here is to crosslink the CNTs using a
grafting from approach to incorporate them into the fiber.8 How do we disperse
the CNTs into fiber pre-cursors? Adding soluble moieties to CNTs can help
disperse them in solution. The approach will be to add these moieties by
modifying the CNT’s surface with 4-ethoxy-benzocyclobutene (4-EO-BCB), then
converting these moieties to ATRP initiators,9 and polymerizing acrylonitrile (AN)
from the surface. How will this approaches integrate CNT’s mechanical
properties into the final fiber? This method will introduce strong covalent bonds
between the CNTs and the PAN upon carbonization. The second approach will
crosslink CNT yarns and produce highly oriented, covalently bound CNTs. I
hypothesize that both of these approaches will covalently bond CNTs together,
2

and to surrounding fiber; these bonds will be able to transfer the load on the fiber
in to the stronger CNTs. This may result in a fiber that has a considerably higher
strength and modulus.

Current technology is only yielding CNT carbon fibers with ~1/2 the tensile
strength of non–CNT-based carbon fibers. Theoretical studies show that CNT
fibers are capable of tensile strength greater than ten times that of current
fibers.10 Progress in crosslinking CNTs through irradiation has created bundles
with tensile strength up to 100 GPa, but this has only been carried out on
bundles (not fiber) on the microscale.11

In order to meet this project’s goals, I propose a method of modification to
the improve interactions between the CNTs. The first approach is to attach an
initiator to the nanotube surface and polymerize acrylonitrile (PAN) from the
surface via atom transfer radical polymerization (ATRP); this has been shown to
yield higher molecular weights and better control as compared to conventional
free radical polymerization methods.12 The attachment of benzocyclobutene
(BCB) derivatives will provide a random distribution of polymer initiation sites
along the CNTs.13 Once the PAN-g-CNTs are synthesized, they will be
dispersed in a PAN solution and spun. Upon carbonization the grafted PAN will
incorporate into the newly formed fibers.
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CHAPTER TWO :
LITERATURE REVIEW
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A Brief History of Carbon Nanotubes

Carbon nanotubes (CNTs) were first discovered by Iijima in 1991, and
since then there have been significant studies into the potential of this new
material.14 This material has been shown to exhibit exceptional tensile strength
and modulus.15 A cross-sectional analysis of individual multi-walled carbon
nanotubes (MWNTs) yields a tensile strength of 100 GPa and a Young’s
modulus approaching 1 TPa.16 This gives rise to the potential of CNTs being
used in multiple materials covering a vast range of applications because of their
unique electrical properties, high mechanical strength, low density, and high
aspect ratio.17 Unfortunately, we have yet to take full advantage of these
mechanical properties.18,10 Even with this potential, current CNT fibers and
CNT-reinforced fibers are only exhibiting a fraction of these properties. The CNT
based fiber’s strength is about half of current industry standard, HexTow® IM-7,
only ranging from 0.9-3.3 GPa in tensile strength.19 There are many challenges
to overcome before this technology is fully realized, especially incorporation into
polymer matrices.18

A Brief History of Carbon Fiber
The first “carbon fiber” is not what a modern person would think of as a
carbon fiber. When Thomas Edison was creating the light bulb, he experimented
5

using many different materials as the filament, such as carbonized cotton thread
and bamboo splinters. However, over the next 80 years, there was no real
motivation to pursue carbon fiber research. Then, in 1956, Dr. Roger Bacon
created modern-day carbon fiber at Union Carbide while looking for the triple
point of graphite.20 Shortly thereafter, carbon fiber was synthesized using rayon.
However, rayon was not a suitable material because of its low strength and
modulus. In the early 1960’s, Japan and the United Kingdom had discovered
that they could make carbon fiber from PAN and create higher strength fibers
than America’s rayon-based fibers. These countries dominated the market until
the 1970’s when Union Carbide finally teamed up with Toray to bring America
back into the carbon fiber game.21

Carbon fiber strength comes from the structure of the pre-cursor. The
world’s most used pre-cursor for aerospace grade carbon fiber is polyacrylonitrile
(PAN).22 Polyacrylonitrile is a polymer contains 68% carbon and is heat-treated
to achieve carbonization. Synthesis of PAN is typically performed using either
solution or emulsion polymerizations.23 Once the acrylonitrile is polymerized, it is
spun into fibers traditionally using one of three methods: dry spinning, wet
spinning, and dry-jet wet spinning.24 The nitrile group’s polarity in PAN gives rise
to extremely strong intermolecular interactions. This makes the PAN extremely
difficult to solvate so that it requires a highly polar or even ionic solvent to go into
solution. These strong interactions also lend to PAN’s high melting point, which
6

means it usually degrades before it melts.25 To avoid such complications
acrylonitrile is typically co-polymerized with one or more co-monomers; this
increases solubility of the PAN and has an added effect, it decreases melt
temperature one of the disadvantages of the pre-cursor is that it requires
extremely high temperatures to form the carbon fiber itself. Current technology
co-polymerizes acrylonitrile with acrylic acid, methyl methacrylate, methyl
acrylate, itaconic acid, or a combination these co-monomers.26 This requires copolymerization of acrylonitrile with a monomer that can help induce easy
cyclization, oxidation, and carbonization of the pre-cursor into the final product.
Adding a co-monomer or mixture of co-monomers has greatly eased the
production of carbon fiber, but the relationship between the composition of the
polyacrylonitrile and the better performance has not been fully established. As
carbon fiber becomes more widely used in various composite applications there
is a need to understand the formation of the fiber itself.

Utilizing CNT’s Potential
Problems that arise with CNTs
CNTs are difficult to utilize, mainly due to insolubility and aggregation.
CNTs have weak Van der Waals forces that bind them together in bundles
making pristine CNTs insoluble in any solvent.27 This unfortunate setback makes
it difficult to uniformly functionalize the CNTs and reduces their mechanical
7

properties due to aggregate bundles interfacial sliding as shown in Figure 1. In
this figure (a) represent a simplified cartoon of the CNTs sliding past one
another, while (b) is an SEM micrograph showing the fibrous material sliding past
one another. Figure 2 is a TEM that demonstrates the drawing of the fiber at (a)
and shows the fiber separating as demonstrated in Figure 1.

Figure 1. SEM of CNT fiber at break

Several different methods for dispersing the nanotubes in polymer have
been devised including sonication, applications of surfactants, and surface
modification.28 A problem that has arisen with sonication is that it has been
shown to decrease the length of the CNTs with time, although mechanical
shearing is hypothesized to be the reason, the actual mechanism for how this
occurs is not well understood.30 Applying surfactants to the CNTs is shown to be
a good method to disperse CNTs in solvents and matrices, but it can introduce
8

unwanted moieties into the final product.31 Surface modification is a good choice
for dispersion because one has the ability to tailor ionic, covalent, or noncovalent interactions, but some of these methods can degrade the structure of
the nanotubes as well.32

Figure 2. TEM of CNT fiber at break

Methods to solve these problems
Surface modification is a good choice for dispersion and it offers a method
to covalently incorporate CNTs into various solutions, but there are issues that
need to be addressed with this method. Most methods of surface modification
involve a harsh chemical treatment, which can introduce holes in the CNTs and
these modifications have the tendency to occur at defect sites and the highly
curved ends of the nanotubes, which are more reactive than the rest of the CNT
surface.33
9

Solvation of the CNTs is not the only challenge when attempting to realize
their full potential.35 For mechanical uses, one of the main issues is being able to
increase the interactions between the tubes and/or interactions between
surrounding polymer.36 There have been several methods have been devised to
increase CNT/CNT interaction.37 One proposed method of increasing
interactions between the CNTs themselves is the densification of CNT yarns. Liu
and coworkers have designed a method to mass produce densified CNT yarns
by using a technique that applies pressure to the nanotubes via spinning and
then evaporates solvent from the yarn to densify36. Another proposed method is
to crosslink the nanotubes via functionalized polymers.

Yet another method to utilize CNTs excellent properties is to incorporate
the nanotubes into a fiber. If properly incorporated the CNTs would increase the
mechanical strength of the fiber due to a lack of intertube facile sliding. Methods
have been employed to incorporate the CNTs into fiber in order to reinforce it.
One of the first methods to incorporate the nanotubes into fiber was to solvate a
polymer fiber and blend the CNTs to incorporate them into solution and then
evaporate the solvent. This method is problematic because the large
macromolecules do not diffuse into the CNTs. This resulted in fibers that were
inhomogeneous and had little improvement in strength and modulus.37
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A technique that is demonstrating good results and even better potential is
the polymer grafting of carbon nanotubes. This involves two different
approaches, a “grafting to” and a “grafting from” technique. The “grafting to”
approach typically involves the functionalization of the CNT surface and
consequent reaction with a functionalized polymer. An early example of this was
performed by Fu and co-workers; in this work CNTs were functionalized with
carboxylic acid. This was then reacted with thionyl chloride to form acyl chloride
moieties. Hydroxyl end-capped polyethylene glycol dendrimers were used in
esterification reactions with the CNTs38 This unfortunately resulted in low grafting
levels, but did confirm esterification as a valid “grafting to” technique. Another
“grafting to” technique used is anionic functionalization of the surface and
attachment of polymer moieties. In 2004, Blake and co-workers
organometallically functionalized MWNTs using sec-BuLi.39 This was followed by
the addition and coupling of chlorinated polypropylene and the formation of the
LiCl salt.26 For both of these methods it was reported that they suspected the
functionalized moieties occurred around the strained bonds of the CNT end caps
and defects along the surface of the nanotube. It was also reported that the
grafting levels were low on the nanotube surface due to steric hindrance once the
first few macromolecules attached.
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This project’s method
The “grafting from” approach can solve some of the problems encountered
with the grafting to approach. This approach can easily be tuned to increase and
control the grafting density on the CNT surface. The “grafting from” method
involves attaching an initiating moiety making it immobile with respect to the
nanotube surface. This is then followed by an in-situ polymerization that ensures
the macromolecules are attached to the surface. An early example of this was
carried out in 2003; Viswanathan and co-workers grafted polystyrene from
SWNT.40 The nanotubes were dispersed in cyclohexane via sonication and
calculated excess of sec-BuLi was added to neutralize any protic surface defects.
It was allowed to sonicate for an hour and then styrene monomer was added and
allowed to polymerize for 48 hours under sonication. Another method is to attach
a radical or controlled polymerization initiator to the surface and grow polymer in
this fashion. An example of this was performed by Kong and co-workers by
using carboxylic acid functionalized nanotubes and converting them to acyl
chloride moieties.41 These were then converted to ATRP initiators via the
addition of glycol followed by 2-bromoisobutyrl bromide. Once the surface was
grafted with initiators, methyl methacrylate was polymerized via traditional
ATRP.42

The method for “grafting from” is important to the overall load the CNT can
take. As previously reported, a higher load can be transferred to the CNTs
12

through covalent bonds instead of ionic or physical interactions. While covalent
bonds have been shown to increase load transfer, many of these techniques
degrade the CNTs during the process. This can lead to tube shortening, which
has also been shown to decrease the overall physical properties of the
nanotubes. A method has been previously developed by the Mays’ group that
can alleviate both of these problems. In this work, Mays and co-workers
functionalized CNTs with benzocyclobutene derivatives.43,13 This work offers a
technique that covalently bonds moieties to the surface of the CNTs that does
not introduce defects into the CNT and grafts over the nanotubes randomly. The
BCB derivative bonds by changing the hybridization of the sp2 to sp3 carbons.

13

CHAPTER THREE :
MATERIALS & METHODS
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Materials:

Materials used in this project are: 4-bromo-benzocyclobutene from
Shanghai Medicilon Inc.; ethylene oxide, tetrahydrofuran, hydrochloric acid,
sodium bicarbonate, ethyl acetate, and copper[II] bromide from Fisher Chemical;
magnesium turnings, sec-butyl-lithium, 1,2 dibromoethane, tetradecane,
triethylamine, bromoisobutyryl-bromide, bromopropionitrile, acrylonitrile, tin[II]
ethylhexanoate, 4,4’-dinonyl-2,2’-bipyridine, and N,N-dimethyl formamide from
the Sigma Aldrich Corporation; high purity argon from Airgas; and multi-walled
carbon nanotubes (5-20 µm [micron] length x 30 nm OD) from Nano-lab Inc.

Methods:
(Activators ReGenerated by Electron Transfer) ARGET-ATRP
Polymerization of PAN-g-CNTs

Synthesis of 4-EO-BCB
4-bromo-benzocyclobutene (4-Br-BCB) and THF were dried over calcium
hydride overnight and vacuum distilled. Ethylene oxide was collected in a chilled
flask with sec-butyl lithium and distilled to a separate flask were THF is added to
form a 3 M solution. Magnesium turnings are dried overnight under vacuum. 20
15

mL of anhydrous THF is combined with 4 g magnesium in a round bottom flask,
purged and placed under an argon atmosphere. A couple of drops of 1,2
dibromoethane is added to activate the magnesium and the reaction is refluxed
for 15 minutes. A solution of 10 g 4-Br-BCB and 10 mL dry THF is made and
added dropwise via syringe pump to the reactor to form the Grignard reagent.
The reaction is refluxed for 45 minutes and chilled to 0°C. 20 mL of the ethylene
oxide solution is added dropwise via syringe pump at a rate of 10 mL/hr and then
the solution is refluxed for an additional 15 minutes forming a dark green solution
as shown in Figure 3. The mixture is poured over 150 mL of ice, acidified to a

Figure 3. Grignard reaction of 4-EO-BCB
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pH of 4 with HCl, and neutralized with a saturated sodium bicarbonate solution;
the 4-hydroxyethyl-benzocyclobutene (4-EO-BCB) is extracted with ethyl acetate.
Once the solution has been extracted three times into a total of 300 mL of ethyl
acetate, it is rotary evaporated and run through a column of 20:80 ethyl acetate
and hexanes to separate any major impurities. Solvent is removed and the
resultant solution is dried over calcium hydride overnight and then distilled to
isolate and purify the 4-EO-BCB. The 4-EO-BCB is then analyzed for purity.

Synthesis of 4-EO-BCB-g-CNTs
To a round bottom flask 0.100 g of pristine carbon nanotubes are added to
10 mL of tetradecane. The reactor is purged and kept under an argon
atmosphere and the mixture was brought up to 250 °C. Figure 4 shows the
reactor setup for the Diels-Alder reaction. One milliliter of 4-EO-BCB and is
added dropwise via syringe pump at a rate of 1 mL/hr to the CNT/tetradecane

17

mixture and then allowed to react for an additional 30 minutes. The nanotubes
are collected and purified in a Soxhlet extraction apparatus, filtered, and dried..

Figure 4. Diels-Alder reaction of CNTs

Conversion to 4-BrIB-BCB-g-CNTs
To a round bottom flask the 0.135 g of functionalized CNTs and 10 mL of
dry THF are added; the mixture is then purged and backfilled with argon gas.
0.020 g of triethylamine is added to the mixture which is stirred in an ice bath for
30 minutes. The mixture is then removed from the ice bath and 0.5 g of 4bromoisobutyryl bromide in 1.5 mL of dry THF is added dropwise via syringe
pump to the mixture at a rate of 2 mL/hr and allowed to stir rapidly at room
18

temperature for 48 hours. Once the reaction is completed, the CNTs are purified
in a Soxhlet extraction apparatus, filtered, and dried.

Synthesis of PAN via ATRP
Before polymerizing with the nanotubes ATRP was used to polymerize
neat acrylonitrile. Five g of acrylonitrile, 25 mL of DMF, 0.160 g of 4,4’-dinonyl2,2’-bipyridine, and 25 mg of copper(I) chloride are combined in a reactor. The
solution is degassed via the freeze, pump, thaw method three times. The reactor
is backfilled with argon. Once filled a solution of 2.5 mg pf 3-bromopropionitrile
and 1 mL N,N-dimethylformamide (DMF) is added to initiate the reaction. The
reaction was carried out for two days at 70°C under positive pressure. Once the
reaction was completed the polymer was precipitated in methanol and collected
and dried.

Synthesis of PAN via ARGET/ATRP
Before polymerizing with the nanotubes ATRP was used to polymerize
neat acrylonitrile. Five g of acrylonitrile, 25 mL of DMF, 16 mg of 4,4’-dinonyl2,2’-bipyridine, 2.5 mg of copper(II) chloride, and 2.5 mg pf 3-bromopropionitrile
are combined in a reactor. The solution is degassed via the freeze, pump, thaw
19

method three times. The reactor is backfilled with argon. Once filled a solution
of 0.1 mL of tin(II)octonoate in 1 mL of DMF is added to initiate the reaction. The
reaction was carried out for seven days at 70°C at positive pressure. Once the
reaction was completed the polymer was precipitated in methanol and collected
and dried.

ARGET-ATRP synthesis of PAN-g-CNTs
All reagents are dried and purified before use. 0.175 g of 4-BrIB-g-CNTs,
2.0 g of 4,4’-dinonyl-2,2’-bipyridine (dNbpy), 13.5 g of acrylonitrile (AN), 0.340 g
of copper(II) chloride, and 20 mL of N,N-dimethylformamide (DMF), are
combined in a round bottom flask. The solution is stirred rapidly until the ligand
is dissolved; then the flask is degassed via the freeze, pump, thaw method and
backfilled with an inert gas. The reaction is brought up to 70 °C and then 1.5 mL
of the reducing agent tin(II)octonoate in 10 mL of DMF is added to start the
reaction. The reaction is carried out under these conditions for seven days.
Once the reaction is completed, the nanotubes are purified via Soxhlet extraction
and then filtered and dried. The amount of monomer added was changed in
order to vary molecular weight and thus to determine an ideal molecular weight
for the polymer to entangle with surrounding polymers.

20

Post Polymerization Processing
Fiber formation
Once the CNTs have been modified CNTs are sent to Dr. Bhat’s lab to
undergo suspension in a doped solution. This solution is varied in concentrations
of CNTs and PAN that is suspended in DMF. This solution will be used to form
the fiber. Next the solution will be extruded through a fiber head and undergo a
series of baths that contain different concentrations of DMF and water that will
slowly remove the solvent from the fiber as it is being drawn. This is
demonstrated in the cartoon in Figure 5.

21

Figure 5. Fiber spinning set-up
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CHAPTER FOUR :
RESULTS AND DISCUSSION
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4-EO-BCB
Synthesis of 4-EO-BCB
Two methods were employed to convert 4-Br-BCB into 4-EO-BCB. Both
an anionic pathway as well as using the Grignard reaction were employed.

The anionic method was designed to remove the bromine and substitute it
with an ethyoxy moiety. To reduce the chances of polymerization the
stoichiometry was kept low and the pH was kept neutral. Unfortunately, this
method was not successful. Figure 6 shows the formation of the anion on the
benzocyclobutene derivative, but once the ethylene oxide was added it killed the
anion turning the solution clear. Upon analyzing the resulting solution with NMR

Figure 6. Anionic path for 4-EO-BCB
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it revealed that the 4-bromobenzocyclobutene had been converted to
benzocyclobutene.

NMR analysis of 4-EO-BCB
The Grignard reaction was initially unsuccessful as well, but by purifying
all reagents rigorously and making the conditions of the reaction more stringent
these problems were overcome. A Liquid State Varian VNMRS 500 MHz with a
narrow-bore ultra shield plus magnet was used to obtain the spectrum and verify
the desired compound and the removal of impurities shown in Figures 7 and 8.
The impurities are attributed to side reactions and residual solvent held in the 4EO-BCB solution. Upon elution through a column 20/80 ethyl acetate and
hexanes it was discovered through NMR that the major impurity in the solution
was benzocyclobutene. This is attributed to water or residual air in the system
oxidizing the Grignard reagent and leaving only the original non-brominated
substituent. As can be seen in Figure 8 the nearly all of the impurities have been
removed. 1H NMR (500MHz, Chloroform-d) δ 7.11-6.91 (m,1H), 3.82 (td,
J=6.7,2.1Hz, 1H), 3.17 (d, J=2.0Hz, 2H), 2.84 (td, J=6.7, 2.0 Hz, 1H) Once the
process was streamlined the yield averaged 76% with the highest being 80%.
This occurred on all of the scales that were synthesized and that were between
1g - 50g batches.
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Figure 7. NMR spectrum of unpurified 4-EO-BCB
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Figure 8. NMR spectrum of purified 4-EO-BCB
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4-EO-BCB-g-CNT
Synthesis of 4-EO-BCB-g-CNT
Grafting the pre-initiator to the nanotubes was a tricky endeavor. Even
under the same conditions the grafting level could vary greatly. When this
procedure was scaled up there was a great decrease in grafting level; this was
attributed to a higher concentration of 4-EO-BCB due to using a smaller ratio of
solvent. This was explored by matching lab scale (0.1 g) to the scale up (0.5 g)
while there was an increase in grafting from the original scale up it was still lower
than the percentage of grafting for the small scale. Several concentrations of 4EO-BCB were used when conducting these experiments to determine if
concentration had an effect on the grafting density.

NMR analysis of 4-EO-BCB-g-CNT
Initially the Diels-Alder reaction was unsuccessful because the higher
temperatures were difficult to maintain with the heating mantles at hand. Once
this issue was resolved, by using hotplates that could obtain the desired
temperature, the reaction was carried out. The spectrum in Figure 9 shows the
familiar peaks that were seen in both Figures 7 and 8, but the all of the peaks
have shifted upfield, except for the benzylic multiplet. 1H NMR (500 MHz,
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Figure 9. NMR spectrum of grafted 4-EO-BCB
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Chloroform-d) δ 6.99-6.79 (m, 1H) , 1.31 (d, J=6.9 Hz, 0H), 1.29 (s, 1H), 1.26 (s,
12H), 0.88 (t, J=6.8 Hz, 3H) The upfield shift is attributed to the increase in
shielding due to the electron density and the magnetic nature of the carbon
nanotubes. This spectrum shows that the pre-initiator is attached to the
nanotube, which was later verified with thermogravimetric analysis. There is a
doublet at 3.04 ppm that cannot be explained. Traditionally, it would be
attributed a methylene group adjacent to a chlorine, but with the distorted
electronic characteristics of the carbon nanotubes it cannot be determined with
any certainty.

Thermogravimetric analysis of 4-EO-BCB-g-CNT
The grafting density was determined for the CNTs by using a TA
Instruments Q-50 TGA to determine the weight percentage of the grafted preinitiator by determining the weight loss as a sample is heated. This is done
under an inert atmosphere so the separation of constituents is not by oxidation.
This method allows the weak bonds to be cleaved by a reverse Diels-Alder
reaction and since the carbon nanotubes do not oxidize, the weight lost is the
weight of grafting. There was a concern about physisorption vs the formation of
chemical bonds. This was proven not to occur, because the same reaction was
run with no heat and, while the thermograms initially looked similar, once the
nanotubes were processing via Soxhlet extraction this was not an issue, because
the impurities were removed through the extraction. Figure 10 shows the onset
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point of weight loss beginning at 226 °C; this is attributed to the loss of small
molecules such as ethanol and any physisorbed 4-EO-BCB. The second more
dramatic peak and the majority of the weight loss begins at approximately 400 °C
and this is attributed to the reverse Diels-Alder reaction. Loading levels did not
seem to affect the grafting density. It was discovered using DART mass
spectrometry that the lower temperatures and longer reaction times led to the
dimer of the BCB derivative. This is believed to be because at all loading levels it
was more than the maximum needed for grafting. The temperature and duration
of the reaction had a much larger effect. Maintaining the specific temperature
was difficult and this is why the grafting levels differ from batch to batch as shown
in Figure 10.

4-BrIB-BCB-g-CNT
Conversion to 4-BrIB-BCB-g-CNT
The conversion of 4-EO-BCB to 4-BrIB-BCB is relatively straightforward
and gave a yield approaching 100%. This was determined by TGA based on
weight change. The esterification reaction between the hydroxyl terminated
initiator and the acid bromide functional group of the bromoisobutyryl-bromide is
facilitated by the TEA neutralizing the hydrobromic acid and driving the reaction
forward by negating the reverse reaction.
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Figure 10. Thermogram of 4-EO-BCB-g-CNTs with 10 to 1 weight ratio of EO-BCB to CNTs
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NMR analysis of 4-BrIB-BCB-g-CNT
The NMR spectrum in Figure 11 for 4-BrIB-BCB-g-CNT was more
complicated than expected. 1H NMR (500 Mhz, Chloroform-d) δ 7.26 (dd, J=5.6,.
3.4 Hz, 1H), 3.13 (tp, J=9.3, 5.3, 4.4 Hz), 1.59-1.53 (m, 2H), 1.45 (dq, J=6.8, 3.4
Hz, 3H) as shown above. The peaks at 3.13 ppm correspond to two protons
beta to the ester carbonyl. The peaks at 1.59-1.53 are the protons
corresponding to methylene protons gamma to the ester carbonyl and the peaks
at 1.45 correspond to the methyl groups adjacent to the initiating bromine. The
benzylic protons are not readily identifiable; that is attributed to the shielding of
the CNTs. This was seen in Figure 10 as the signal for the aromatic group is
diminished due to the complex magnetic interference from the presence of the
CNTs.

Thermogravimetric analysis of 4-BrIB-g-CNT
TGA experiments were used to analyze the initiator grafted nanotubes.
This gave an insight into how much of the precursor was converted into the
initiator. Figure 12 shows the weight differences between the 4-EO-BCB-g-CNT
vs 4-BrIB-g-CNT; when normalized to the molecular weights of the two moieties
they are approximately stoichometrically equal. This suggests that there is a
nearly complete conversion.
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Figure 11. NMR spectrum of 4-BrIB-BCB-g-CNT
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Figure 12. Thermograms comparing 4-BrIB-g-CNTs vs 4-EO-BCB-g-CNTs
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ARGET-ATRP of PAN
Synthesis of PAN via ARGET-ATRP
The polyacrylonitrile was synthesized with multiple molecular weights,
precipitated, and purified. The reaction took seven days to reach a conversion of
60%, and all subsequent reactions were carried for the same duration. Once
this was complete gel permeation chromatography (GPC) was used to determine
the molecular weight; unfortunately, the results were not conclusive due the
interactions between the column and the polymer. So dilute solution viscometry
was used to measure intrinsic viscosity.

NMR analysis of PAN via ARGET-ATRP
The NMR results confirmed polyacrylonitrile with water and DMSO
impurities in it as shown in Figure 13. The samples were minimally purified
because we were initially interested in proof of concept. The peaks reported are
1

H (500MHz, DMSO-d6) δ 3.18-3.01 (m, 8Hz), 2.87 (s, 1H), 2.71 (d, J=0.6 Hz,

1H), 2.18-1.93 (m, 3H), 1.21 (s, 1H). The peaks at 3.11 are attributed to the
methine carbon in the polymer background while the peaks at 2.07 are
associated with the methylene group in the backbone. The singlets at 2.87 and
2.71 represent the methyl groups of the initiator.
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Figure 13. NMR spectrum of ARGET/ATRP of PAN
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Dilute Solution Viscometry of PAN-via-ATRP
Molecular weight determinations of the PAN could not be made with the
GPC in the PCL; this was attributed to the polymer interactions with the column.
The plots in Figures 14 and 15 are DSV plots used to determine viscosity based
molecular weight, Mv, using the Mark-Houwink parameters K=0.000342 dL/g and
a=0.70 in DMF at 30° C.45 These plots yield an intrinsic viscosity of
approximately 4.0 and 3.6 dL/g; when using this information with the literature
values as prescribed the molecular weight is 220,000 g/mol and 190,000 g/mol,
respectively.

PAN-g-CNT
Synthesis of PAN-g-CNT
The synthesis of PAN-g-CNT proved to be especially complex. Traditional
ATRP was initially used and upon doing some research it was found that
ARGET-ATRP was a better choice. It offered an easier experimental set-up and
because a reducing agent was there to recreate the copper(I) moiety it was
considerably more tolerant of an oxidizing agent, such as water or air, being
present. While the 4-EO-BCB-g-CNT and the 4-BrIB-BCB-g-CNT samples were
able to be suspended in a solvent to provide NMR analysis, the PAN-g-CNT
samples could not.
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Figure 14. Dilute solution viscometry plot of PAN in DMF
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Thermogravimetric analysis of PAN-g-CNT
The thermogram of the PAN-g-CNT in Figure 16 samples reveal a
significant increase in additional weight added to the CNTs. This is due to the
grafting from the CNT, because the only initiating moieties were located on the
surface of the nanotubes. In Figure 17 the amount of PAN that is grown from the
surface is only 1.2 times the weight of the initiator in all of the samples measured,
this suggests that the PAN grows to very low molecular weight no matter the
amount of grafting. It is suspected that the molecular weight for the chains is
~500g/mol; this indicates there is a termination event that is not readily solved by
the ATRP method. The doped solution and the fiber that was formed often
showed aggregates or color variances indicating a heterogeneous mixture; this
indicates that the molecular weight of entanglement, Me ~3,200 g/mol46, was not
reached and the nanotubes were experiencing stronger molecular forces with
themselves than the surrounding PAN. With this information it can be
determined that the χn is between 10-60 repeat units. This was indicated at most
loading levels except for the lower loading levels.

Transmission electron microscopy of PAN-g-CNT
The prepared nanotubes were examined with a ZEISS LIBRA 200 HT FE
MC transmission electron microscope. Pristine nanotubes were examined and
the results are seen in Figure 18. In this figure you can see amorphous carbon
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Figure 16. Thermogram of comparing grafted CNTs
Figure 16. Thermogram of grafted CNTs
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Figure 17. Thermogram overlay of grafted CNTs with molar acrylonitrile to initiator ratios
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still attached to the CNTs, but it is also very clear that you can see the well
defined walls of the MWNT. In Figure19 you can once again see the clearly
defined nanotube walls on the inside, but there is also polymer wrapped around
the tube as seen by the difference between the amount and thickness of the
amorphous polymer enveloping the CNT.

Post-polymerization Polymer Processing
Incorporation of PAN-g-CNT in fiber
Once the grafted nanotubes were completed and washed they were
transferred to Dr. Bhat’s group for incorporation into fiber. It was noticed that the
polymer grafted nanotubes would stay suspended in DMF for a limited time
before crashing to the bottom of the vial. The grafted nanotubes were loaded
into a 15% PAN solution at two different loading levels, 3.2 and 6.4 weight
percent of CNTs. The fibers that were formed appeared to be a uniform gray
color as shown in Figures 20 and 22. The SEM images in Figures 21 and 23
show good fiber formation, but since there was increase in mechanical properties
it is hypothesized that the CNTs are not interacting with the fiber. Unfortunately,
the strength of the PAN was not increased at all, because the strength of the
precursor fiber did not increase it has been shown that the strength of the final
fiber will not increase.
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Figure 18. TEM of pristine CNTs

Figure 19. TEM of grafted CNTs
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Figure 20. 3.2 wt.% CNT in PAN fiber

Figure 21. SEM of 3.2 wt% of CNTs in PAN fiber
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Figure 17. 6.4 wt.% CNT based PAN fibers

Figure 18. SEM of 6.4wt% CNT based fiber
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The plot in Figure 24 of tables 1 and 2 confirm this; the trend line’s slope is
virtually identical for both loading levels They show that even though the CNTs
are in the fiber they do not increase the modulus of the fiber with any
significance. When a trend line is added it demonstrates that there is only a 1%
increase in the slope, and this can be attributed to the outliers. This is due to the
aggregation of the CNTs of the fiber SEM imaging shows that the CNTs
aggregate near the surface in large bundles ~10 micron in diameter. With this
occurring they lend no structural support to the fiber, because they would
encounter the same problems as discussed in Chapter 2. There are a few
reasons this is hypothesized. First, the nanotubes used were only ~90% pure.
This leaves amorphous carbon that can interfere with the reaction or become
another moiety to react with. Second, the grafting density was not easily
controlled so the variances between similarly prepared batches could vary
greatly. Third, it is hypothesized that the target molecular weight was not
achieved or that not enough of the grafted polymers were long enough to truly
interact with the surrounding polymer.
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Figure 24. Plot of strength vs modulus of 3.2 wt% and 6.4 wt% CNT loaded PAN fiber

49

Table 1. 3.2 wt.% of CNTs in PAN fiber

Sample

Diameter
micron

Peak
Load
gf

Peak
Stress
MPa

Modulus
GPa

Strain at
Peak Stress
%

1

37.91

5.5

37.78
34.67
36.28
40.44
37.64
36.14
37.3
37.09
35.05
32.77
36.54
35.7
36.56

5.5
5.8
5.4
5.5
3.9
5.6
5.5
5.6
3.7
3.4
5.7
5.3
5.1

2.07
2.07
2.07
2.07
2.07
2.07
3.45
2.07
2.76
1.38
1.38
2.76
2.07
2.07

5.71

2
3
4
5
6
7
8
9
10
11
12
13
Mean
Std.
Dev.
% COV

47.57
48.26
59.98
51.02
42.06
34.47
53.09
48.95
51.02
37.23
39.99
53.09
51.71
47.57

1.86

0.8

5.09

16.36

6.89
104.52

0.69
155.61
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6.25
6.86
5.9
5.89
2.8
3.12
5.2
5.25
12.04
14.45
5.32
5.53
6.49
3.24
49.99

Table 2. 6.4 wt.% of CNTs in PAN fiber

Sample

Diameter
micron

Peak
Load
Gf

Peak
Stress
MPa

Modulus
GPa

Strain at
Peak Stress
%

1
2
3
4
5
6
7
8
9
10
11
12
13
Mean

38.32
40.39
38.33
30.19
39.54
39
38.22
38.57
38.2
29.32
38
38.82
39.05
37.38

5.1
5.4
5.2
5.4
4.9
4.9
5.1
4.4
5.2
5.2
5.2
5.1
5.2
5.1

43.44
40.68
44.13
74.46
39.30
39.99
43.44
37.23
44.82
75.15
44.82
42.06
42.06
46.88

2.07
1.38
1.38
3.45
1.38
2.07
2.07
2.07
2.07
3.45
2.07
2.07
2.07
2.07

4.88
5.96
5.72
4.73
4.9
5.64
5.31
4.36
5.47
5.06
5.93
4.96
5.43
5.26

Std. Dev.

3.45

0.2

% COV

9.23

4.89

12.41
183.06

0.69
176.09
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0.49
9.28

CHAPTER FIVE :
CONCLUSIONS & RECOMMENDATIONS
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Poly(acrylonitrile) was grown from the surface of multi-walled carbon
nanotubes using a grafting from technique where an initiator was grafted on the
surface and the PAN was polymerized from these initiation sites. NMR, TGA,
FT-IR, Raman Spectroscopy, DART, GPC, TEM, SEM, and DSV were used to
characterize these products. FT-IR was not useful because, the nanotubes
absorbed nearly all of the incoming radiation resulting in the functional groups
being blocked out. The Raman spectroscopy was unable to be used due to
such a low signal to noise ratio that the information between functionalized and
non-functionalized could not be discerned, and the GPC information was not
accurate, because the the highly polar polyacrylonitrile interacted with the
column itself. The method did not meet expectations due a molecular weight
considerably lower than the molecular weight of entanglement. In all of these
cases using the ATRP method it was difficult to achieve high molecular weight
as was also documented by Baskaran and co-workers.47 This is attributed to
the propagating radical interacting with the surface and terminating forming
loops on the CNT surface, as well as the inherently heterogeneous nature of the
grafting from reaction.

This work is very valuable in helping take the next step in super strong
materials, but there are many modifications that are required to achieve the next
steps. The grafting method is a solid method to functionalize carbon nanotubes
without sacrificing their strength. Unfortunately, the results suggest some
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improvements could be made to make it a more sustainable alternative. I do not
believe this method is industrially viable due to the cost of materials involved
and the necessary additional steps that are required to complete this material
synthesis. A scale up of this method would involve many hurdles to overcome,
such as the cost of copper compounds and ligands as well as the time invested
to carry this out.

While ATRP and its derivatives are very intriguing techniques, I do not
believe there is as large of a need to control the molecular weight distribution of
the propagating polyacrylonitrile. It is important to increase the molecular weight
of the PAN on the nanotubes to interact more homogenously with PAN in the
doped solution. A conventional free radical approach would encounter the same
problems as ATRP; close proximity to the surrounding chains and a surface that
is prone to radical attack makes this an unlikely to achieve success. An anionic
initiator would make a viable alternative in both increasing molecular weight and
increasing the speed at which this process can accomplished. To this extent I
believe this opens the door for further research to implement a different method
of polymerization.
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